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Type Il “W” diodes designed for emission at the spectral line of mett{ar&l xm) when operated

near 80 K were grown on a compact 21T RIBER molecular beam epitaxy system.
Photoluminescence and cross-sectional scanning tunneling microscopy were used as tools to
improve the growth quality of these structures. The diodes exhibited very low lasing thresholds at
T=80 K (24-40 A/cn), although further development will be required to enhance the
characteristic temperaturfd@,~ 40 K) and the maximum operating temperatyre190 K). The

lasers had favorable internal losses at Rllup to 190 K (~7 cnil), and favorable internal
efficiencies at lowT (up to 85%. Thel -V characteristics of nonlasing test structures were improved
substantially by addingn-side “transition” regions that smoothed out abrupt steps in the
conduction-band offse{DOI: 10.1116/1.1861933

[. INTRODUCTION structure$ incorporates three distinct material systems en-
compassing a wide range of optimal growth conditions. The

In earlier investigation$? we explored the optimal difficulty is further magnified by the incorporation of doped
growth conditions for optically pumpéd mid-IR lasers hav-  cladding layers, separate confinement heterostru¢&@s)
ing the antimonide type-Il “W” active regiohSome of the  regions, hole blockingHB) regions, and inter-region transi-
conclusions were rather surprising, e.g., that the activetion layers that necessitate additional growth-related
region growth by molecular beam epitaxX¥IBE) is most  tradeoffs when the full structure is optimized. To explore
favorable at a much higher temperatyfig.) than was em- some of these issues, in addition to fabricating complete la-
ployed in virtually all previous fabrications of antimonide W sers, we also investigated suites of test samples with abbre-
structure$® Here we report an extension to the case of Wviated diode structures.
diode lasers, which will ultimately be much more practical The following approach has been followed in perfecting
than optically pumped devices. our growth of these complicated quantum heterostructures at

Previous W diodes emitting at=3.3 um have lased to the Naval Research LaboratorfNRL) epicenter. First,
room temperature when pulsgedand to 200 K for cw growth of the bottom InAs/AISb superlattidSL) n clad
operationt’ although those devices were limited by poor was enabled. Next the active QW growth was addressed by
current-voltage characteristics. While the electrical propermaximizing the photoluminescencéL) in a series of
ties of subsequent devicdsvith A\=3.25-3.56um at the samples grown on the-clad material at a systematically
maximum operating temperatyrémproved somewhdty*?  varying range off ., Then a series of full diodes was grown,
turn-on voltagesVy,) were still on the order of 1 V, anfi,,,, ~ for which the AISb/AlAs p-clad growth temperature was
was only slightly higher for pulse®20—-260 K than for cw  monotonically reduced until no degradation in the structural
(185-195 K operation. Interband cascade lasers with 15-2%juality (as determined by high-resolution x-ray diffraction
stages of the W active region have recently lased cw up t@r PL was observed. Further improvements were deemed
214 K(\=3.4 Mm)13 and 217 K(A=3.2 ,um).l“ The cascade hecessary based on the unsatisfacieky characteristics of
devices have displayed voltage efficiencies as high as'96%,the resultant diodeghigh Vy, and series resistancéitence, a
i.e., eVy, was only slightly larger than the energy gap multi- further round of abbreviated test structures was grown with
plied by the number of stages. Clearly, single-stage W diodeddded transition regions on both tineand p side of the
should similarly benefit from more efficient electrical injec- active region. These were designed to minimize the forma-
tion. tion of electrostatic barriers to carrier transport.

Although the strong sensitivity of diode laser performance
to growth quality is well known, growth optimization for the !l. EXPERIMENT
antimonide-based systems remains particularly challenging. The laser diodes were all grown on 2 in. epiready Te-
This challenge applies especially to complicated quantungoped GaSb wafers in a compact 21T Riber MBE system
well  (QW) structures such as the W, whose equipped with both As and Sb crackers. Growth temperatures
AlGaSb/InAs/GalnSb/InAs active regiofin the present were measured using an optical pyrometer sensitive in the

1.5-1.6um range, and calibrated using tlkigx3) to (1

3Ejectronic mail: canedy@sisyphus.nrl.navy.mil X 5) surface reconstruction transition for Gagb429 °C
PAlso at NOVA Research Inc., Alexandria, VA 22308. for an SB flux of 2 ml/9).>> Growth rates for the group IlI
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species were calibrated by using situ reflection high- [ T T T ' ]
energy electron diffraction intensity oscillations and the
group V valve positions set so as to maintain a V/III flux
ratio of 1.5 to 2. Unless otherwise specified the active region
comprised five repetitions of 40 A AbGa, s:Sb/20 A
INAs/30 A Gg gJdng 0eShb/20 A InAs, grown with no special
shutter sequence at the QW interfaéesxed interface bond
type). This particular W structure was designed for emission
at the methane spectral line of 3.In when operated at
T=80 K. All doping densities were calibrated by growing
each individual layer on a Zm lattice-matched AISb/AIAs
SL, to electrically isolate it from th@-GaShb substrate and X
buffer layer, and then performing Hall measurements at 300
and 77 K.

Spectral Power (Arh. Units)

s

Growth of the diode structures began with a Qua-thick ’ =

R
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Te-doped(n~5x 107 cmi™3) GaSb smoothing buffer. This
Wavelength (um)

was followed by a 3.3:m InAs: Si/AlSb SL(24.3 A/23 A
n-clad layer grown at~450 °C. Lattice matching to the g 1. pPL spectra at 78 K for “W" structures with identical five-period
GasSb substrate was achieved by adjusting the Sb-soak tinzetive regions [INAS(20 A)/Gay gdng 0sSh(30 A)/InAs(20 A)/

at both interfaces to accommodate the As incorporation int@o.:Ga.sSb40 A)] and identical growth conditions apart from the indi-
the AISb layer. Doping the InAs layers up to within about 1 cated substrate temperatu(@o)-

ML of each interface yielded an effective doping density of

5x 107 cm3. Next, a 0.4um-thick Te-doped (2 . .
% 10 cm™®) GaSbn-SCH layer CLvas grown at a te[?nperature graded, strain-compensated InAs:Si/AISb SL layers
(45—-70 nm between then-GaSb buffer and tha clad, and

of ~490-500 “C. The higher temperature, which helped %150 between tha-clad and ther-SCH. Subsequently, it was

¥und that additional transition layers consisting of graded

growth, was found to be critical to maintaining intense PLGaSb:Te/InAs:Si/AISb SLs inserted between th&aSh
from the QWs. The SCH layer was followed by-a47 nm and then-clad, between tha-clad and then-SCH, and be-

HB layer comprised of an InAs/AISb SI24.3 A/23 A tween then-SCH and the HB significantly improved the

grown atT~480 °C. In this case the InAs was undoped, N/ characteristics of nonlasing test devices. Unfortunately,

order to reduce free-carrier absorption, and lattice matching,» MBg system required venting before that approach could
was again achieved by adjusting the Sbh-soak times at thgg applied to full laser structures.

interfaces. Next came the active QWs, whose optimum

growth temperaturérl ) was determined by maximizing the

PL intensity as discussed below. That was followed by!ll. STRUCTURAL CHARACTERIZATION AND
a 0.6um-thick undoped AJ:Ga As/AlyGaSb SL PHOTOLUMINESCENCE

p-SCH layer. Thep-SCH layer was grown at-460 °C, the In order to determine the optimdl,, a series of repre-
highest of a series of temperatures for which fU”-diOdesentative test Samp|es was grown and the PL from the W
samples showed no degradation in the structural quality opws characterized. For those structures, 5W wells
PL intensity. The thicknesses in this layer were adjusted tQuere grown on a HBi-SCH/transition layer/0.5m
achieve lattice matching to the underlying GaSb substrates-clad/transition layen-buffer/n-substrate template, and
Optimization of the growth temperature for the Juba-thick T, was varied from 425 to 500 °C. All layers were grown
Be-doped (~5x 10'® cm™®) AlAs/AISb p-clad layer was as in the full laser, except for a thinnerclad. Figure 1
performed in the same manner. All samples concluded with @hows the PL intensity as a function of wavelength for the
50 nm Be-dopedp~ 5 10'® cm™®) GaSb cap layer. four PL samples with various,., We see both a shift toward
Besides the primary functional regions listed in the pre-longer wavelengths with increasifg., and a clear intensity
ceding paragraph, some of the laser and test devices alsaaximum in the 450—480 °C range. An earlier series of W
contained “transition” layers that were designed to smoottstructures(for optical pumping with AIAsSb digital-alloy
abrupt discontinuities in the conduction and valence bandarriers displayed similar trends, and an optimal temperature
profiles at the boundaries between regions. Such discontinugiose to 500 °G.In that study the wavelength shift could be
ties induce barriers to the electron and hole transport, whichttributed to either increased interfacial mixing at the higher
can be overcome only by applying additional bias voltagetemperatures, leading to thinner InAs QWs and a corre-
For example, our baseline diode structure contained severaponding increase in the electron confinement energy, or a
thin (~50 nm) Be-doped AlGa,_,Sb/ALGa,_,As SL layers shift in the hole confinement energy induced by In clustering
between thg-SCH and thep-clad regions, and also between in the GalnSb hole QWs. Cross-sectional scanning tunneling
the p-clad and thep-cap, to serve as valence-offset- microscopy(X-STM) images confirmed that the trend in the
smoothing layers. On the side, all of the devices contained PL intensity resulted from two competing mechanisms: im-
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Fic. 3. 1-V characteristics for test structures with thelad omitted(curve
with pointg, with thep clad and also the active region omittetbtted, with
the p-clad omitted and additional transition layers on thside (solid), and
the baseline full diode lasédashedl

W-active Iayer'

Fic. 2. Filled-states X-STM image of the interface between the HB region
(InAs/Aly /Ga ;SbSL and the W active region, both grown at 485 °C. The

size of the image is 38 36 nm. We have circled background As atoms that IV. TRANSPORT CHARACTERISTICS
incorporated into the Sb-containing layers of the “W” QWs. The black ar-
rows indicate In atoms that diffused into the AlGaSb layers, while the white
arrows are Ga or Al atoms that diffused into the InAs layers.

A series of test structures was grown to address the unfa-
vorablel-V characteristics of the first diode lasers produced
in this study (as well as most previously fabricated W
dioded®™). In order to understand the origins of the large
turn-on voltages and series resistances, we first grew and
characterized devices in which one or more region was omit-
proved morphology of the AIAsSb barrier layers at higherteq from the full laser design. This was followed by the
Tace cOmbined with reduced In clustering in the GalnSb holetaprication of structures with additional transition layers to
QWs at lowerT,., However, the mechanigs) driving the  minimize discontinuities in the conduction- and valence-
intensity trend in Fig. 1 may be different, since these struchand profiles. For these measurements, standard contact pho-
tures contain Aj3:Ga esSb rather than AlAsSb barriers, and tolithography was used to pattern 4@ x 400 um pads on
also less In in the hole QW&he In/Ga ratio is 0.08%s.  the top p-cap layer of the unthinned samplés-500 um
0.43. thick). Each device was then sputter cleaned for 90 s in

We have employed X-STMRefs. 16 and 1j7to view 20 mTorr Ar*, at a 400 V dc bias, to remove the oxide layer.
several of the present structures on the atomic scale, althougfiext, 30 nm of Cu was sputter deposited, followed by the
so far no dramatic differences have emerged that couldeposition of 7.5 nm Cr/100 nm Pt/100 nm Au in an
straightforwardly account for the trends in the PL data. Ae-beam evaporator. After liftoff, the backside was metallized
X-STM image for the sample witff,=485 °C, in Fig. 2, using a similar process, but with only 5 nm of Cu and
clearly delineates the HB and active regions. Apart from the10 nm Sn/100 nm Pt/100 nm Au. The final step was to
background As atomscircled within the AlGaSb barriers rapid thermal anneal the device at 300 °C for 1 min.
and GaInSb hole QWs, the W active layers appear to be of Figure 3 illustrates-V characteristics a&f=77 K for three
high quality. On the other hand, the HB region shows a moref the samples fabricated in this manner, along with data for
substantial group-Ill interdiffusion, along with group-V ex- a full diode laser (100-um-wide strip¢. The apparent
change(neither of which is necessarily detrimental to the turn-on voltage in a nonlasing diode scales with the reverse
laser performance as long as high crystalline quality is mainsaturation current and depends on the scale ofl tieplot
tained and large-scale nonuniformities do not ogcline Al (here determined by the series resistanoghereas the
and/or Ga atoms within the InAs layers are marked withthreshold voltage of an optimized diode laser is very close to
white arrows, while In atoms within the AlGaSb layers arethe energy gap in the active regig¥y,~Ey/e~400 mV).
marked with black arrows. We have also identified As-for-SbThe value for the full laser whose characteristics are shown
and Sb-for-As exchange procesgegcled. A noteworthy in the figure(dashed curveis over three times higher. The
feature is the emergence of an AlGaAs layer at the boundaryources of this excessiv;, can be identified with the help
between the HB and W regions. This layer forms via theof measurements on the partial structures. Note that when the
occurrence of As-for-Sb exchange processes during thp-clad and the active region were omittetbtted curve, Vi,
growth interrupt which must be introduced to prepare the Alactually increased slightly, even though any unwanted elec-
and Ga cell temperatures for the active-region growth. Bytrostatic barriers occurring on theside would not be al-
changing the HB to an InAs/AISb SL, we have since elimi-tered. However, when tha-clad was omittedcurve with
nated the need for the growth interrupt, thereby avoiding thgointg, the apparent turn-on voltage decreased by at least
formation of this undesirable layer. 400 mV compared to the structure with peclad. We do not
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1 Fic. 5. Conduction and valence band profiles for the full laser structure with
0.0 i : ; == transition layergTr) on then side. The dashed curve is the profile of the
1 2 3 4 5 conduction-band ground-state energy level, including quantum confinement

but excluding electrostatic fields that almost completely remove the apparent

Sample barriers to carrier transport.

Fic. 4. Bar graph summarizing theV characteristics at=77 K for five

samples from the series of transport test structures. The quantities plotted are . . .
turn-on voltage(estimated at=20 mA) and series resistance-area product n-side transition layer¢Tr), and also a profile of the unper-

(estimated from the slope &t1 A), for 400 um X 400 um pads. turbed conduction-band ground stdttashed curvein the
absence of any carrier transfer between layers. This figure is
schematic since the horizontal coordinate is not drawn to
scale(e.g., the two cladding layers should be far thicker rela-
tive to the rest of the layersin the actual doped structure,
the graded heterojunctions in Fig. 5 will establish electro-
static fields associated with separation of the electrons from
their donors. A self-consistent solution to the one-
((jiimensional Poisson’s equation confirms that all of the peaks
and valleys in the dashed-curve profile of Fig. 5 are leveled
almost completely, from the active region to thesubstrate.

b In other words, no potential barriers remain to impede the
electron transport, which is consistent with the experimental
finding of a low turn-on voltage for sample 3. On the other
nand, internal electrostatic fields are unable to flatten out a

expect a decrease /e in the active region because there
was still a large conduction-band discontinuity at the bound
ary with then-SCH region, which was present in that struc-
ture. Results for the device with qpclad and also transition
layers on then-side (solid curve will be discussed below.

The bar graph in Fig. 4 tabulates turn-on voltages require
to reachl =20 mA and series resistance-area prod(R&,
as estimated from thgV slopes at =1.0 A), for five differ-
ent test structures at=77 K. Sample 5 is a simple GaS
p-n junction with an apparent turn-on voltage €800 mV.
The structures with np-clad and om-clad from Fig. 3 are
samples 1 and 4, respectively. Not shown is a sample whic .
omitted then-clad as in sample 4, but also included addi- MO'€ gbrupt voIFage st'e(jas n samp!e )1. .
tional p-side transition layers to further reduce the valence- While the_ SEres re5|star_1ce data in Fig. 4 are_less §tra|ght-
band offset steps from those in the baseline structure. Posggrwa_r_d to m_terpret, we §|mply note tha_t _the insertion of
bly because the growth of the additional AlGaSb/AlGaAs ransition regions on thQ-S|de has a beneficial effect on RA
compositions was not fully optimized, the transport in that?S weII: However, we find that even samplels has a some-
structure was worse rather than better compared to sample ‘ﬁ’.hat_ hlg_her RA(=0.37 nf) cn) than the _S|mple Gasb
However, the results for sample 2 indicate that the insertio® " juqctlon (~0.25 m crﬁ). One caveat is that current
of transition layers between the HBSCH, n-SCH/n-clad, spreading affects the resistances measured for theusa00

and n-clad/substrate boundaries had a very positive effect’ 400 um pad areas ane-500 um thicknesses of the test

when thep-clad was omitted. It was even more beneficial tod_ewces. A second caveat is the uncertain role of contact re-

expand the transition layers somewhat, to provide eve Istance, which i.s St.i" under investiggtion. we “!"a'!y note
smoother voltage steps. That was done in sample 3 in Fig. ,_e _I v characte_nzatlons ar=300 K yielded quahtatlvely
whosel-V characteristics are also plotted as the solid curve‘Slmllar results with generally lower turn-on voltages, which

in Fig. 3. For that structure the turn-on voltage approache&eﬂeCts stronger carrier diffusion as well as the mitigation of
. L _ I the detrimental effects of band-offset discontinuities by the
the laser-threshold limit oE,/e~400 mV. A similar im- y

provement was recently obtained when analogous transitio |gh'er thermal energy. Again, it has not yet been possmlg to
abricate full laser diodes that take advantage of the im-

layers were incorporated into W diodes grown at Maxion an ; o "
designed/characterized at N&LIn pulsed mode, that de- proved transport associated witkside transition layers.

vice operated to 315 K, where the emission wavelength was
\=4.02 um. V. LASING CHARACTERISTICS

Figure 5 illustrates the conduction and valence band pro- Diode lasers were prepared by first sputter-cleaning with
files for all regions of a full laser structure that includes threeAr* to improve adhesion and then depositing 130 nm of
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Fic. 7. Internal loss and internal efficiency as a function of temperature as
Fic. 6. Pulsed threshold current density vs temperature for a pulsed W diodgetermined by a cavity length study of the inverse efficiency.
laser with 5 QWs. The cavity length is 1 mm, the stripe width is 100,
and both facets are coat€édR/AR). The inset shows spectra taken at five
different temperatures for a sister device wlith,=2 mm.

VI. SUMMARY

We have made substantial progress toward optimizing the
MBE growth of antimonide type-1l W diode lasers emitting
at A=3.2-3.4um. The optimal temperature window for
SiO,. Next, 100um-wide stripes were defined by photoli- growth of the active layers is determined to be 450—480 °C.
thography and etch back and dice points defined. 38&le  Transport studies show that it is highly desirable to include
metallization proceeded as detailed above and the sampl@nsition layers to smooth out the band offset discontinuities
were thinned to~150 um. The backside was then metallized on then-side. The diodes grown so far have very promising
and the samples annealed as before. Laser cavities of varioltav-T characteristics, although they unfortunately degrade
lengths were defined by cleaving. Some lasers had coataeélatively rapidly with increasing temperature.
facets, which were e-beam evaporatecb15 nm ALO; for
AR and 50 nm AJO5;/100 nm Au/50 nm AJO; for HR). ACKNOWLEDGMENT
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